The beneficial aspects of intragranular ferrite formation on mechanical properties of welds have been reported in the literature for decades. In recent years, this concept has been successfully extended to medium carbon forging steel to refine the microstructure and optimise ductility and toughness. The aim of this work is to demonstrate that intragranular formation of ferrite could be enhanced by increasing the austenite grain size and/or optimising the nature of the inclusions. In this sense, the isothermal decomposition of austenite in allotriomorphic and idiomorphic ferrite for two medium carbon steels microalloyed with vanadium and titanium have been studied.
1.

Introduction
Proeutetoid ferrite and pearlite are the most common components of the final microstructure present in the vast majority of the medium carbon steel products. It is well known for decades the two main classifications can be made of ferrite that has grown by a diffusional mechanism (proeutectoid ferrite): allotriomorphic and idiomorphic ferrite. The term allotriomorphic is applied to that ferrite which nucleates at the prior austenite grain boundaries and grows along these boundaries at a rate faster than in the direction normal to them. On the other hand the term idiomorphic is applied to that which has roughly equiaxed morphology and can nucleate at inclusions within coarse austenite grains, resulting in a very fine microstructure.
Toughness and other mechanical properties of steels are strongly affected by their microstructure. A microstructure formed by ferrite nucleated at both the austenite grain boundaries and intragranular sites increases the difficulty of crack propagation. 1) Recently this phenomenon has received much attention in the search for an improvement in toughness of steel, especially when conventional refinement of austenite grain size is not enough. [1] [2] [3] [4] Some studies 3, 5) reported that idiomorphs nucleate at precipitates of titanium oxide (Ti 2 O 3 ), manganese sulphide (MnS), and vanadium nitride (VN).
Those studies also analyzed the reason such precipitates act as viable sites for intragranular ferrite nucleation.
This work aims to study the isothermal decomposition of austenite into idiomorphic ferrite and to analyze the role that different types of inclusions and the prior austenite grain size (PAGS) have on the nucleation and growth of intragranular ferrite.
2.
Materials and experimental procedure
The chemical compositions of the steels studied are presented in Table 1 . The material were supplied in the form of 50 mm square bars, obtained by conventional casting as a square ingot (2500 kg) and hot rolling to bar.
The isothermal decomposition of austenite has been analyzed in 12 mm in length and 2 mm in diameter cylindrical samples, by means of a high-resolution dilatometer DT 1000 Adamel-Lhomargy that has been described in detail elsewhere. 6) With the aim of studying the influence of prior austenite grain size (PAGS) on the isothermal austenite-to-allotriomorphic and idiomorphic ferrite transformation, specimens were austenitized in vacuum (1 Pa) at temperatures ranging from 1223 to 1523 K for 1 min. Subsequently, specimens were isothermally transformed at 913 and 873 K for different times, and quenched with an helium gas flow at a cooling rate of 200 K/s. Specimens were ground and polished using standardized metallographic techniques, and subsequently etched with 2pct-Nital solution to reveal the ferrite microstructure by optical microscopy.
The austenite grain boundaries were revealed by means the thermal etching method. 7, 8) The PAGS measurements were made on micrographs, covering almost the whole sectioning plane of the sample. The average grain size was calculated by using a linear intercept technique involving at least 50 intercepts, permitting the count of the number of grains intercepted by the grid line. The effects of a moderately non-equiaxed structure may be eliminated by counting the intersections of lines in four or more orientations covering all the observation fields with an approximately equal weight. 9) Measurements of volume fraction of allotriomorphic (V α /V) and idiomorphic (V IDI /V) ferrite were performed statistically by a systematic manual point counting procedure. 9 In order to identify the precipitates obtained during the cycles applied, replica samples were prepared according to Fukami 'two step replica method'. 10) Samples were polished in the usual way and then etched with a Nital 2% solution. A small amount of methyl acetate was dropped and spread on the surface of the specimen. Before the volatilisation of the solvent, a cellulose acetate film was laid over the specimen. After a few minutes the replica was peeled off from the specimen. Subsequently, to avoid the curling of the material, replicas were kept for about 30 minutes in an air oven heated to 353 K. Then, the film was put into a high vacuum chamber where a carbon deposition was realised. Finally, the cellulose acetate layer was dissolved soaking replicas in a sequence of acetone baths. Nickel meshes were used to support replica films. Samples were examined in a JEOL JEM-200 CX transmission electron microscope.
Results and discussion
The microstructure obtained in S1 and S2 steels after full isothermal decomposition of austenite, is formed by proeutectoid ferrite (allotriomorphic and idiomorphic) and pearlite, in all the temperature range studied. An example of that is shown in Fig. 1 (a), corresponding to S1 steel with a PAGS of 76 µm, after isothermal full decomposition of austenite at 913 K. It is clear from Fig. 1 (b) that idiomorphic ferrite is nucleated at the inclusions inside the austenite grain. However, not all the inclusions present in the steel are prone to nucleate idiomorphic ferrite, as it will be proved in the following sections in this paper.
Nature and Morphology of Inclusions
It is extremely useful to know beforehand which are the precipitates expected according to theoretical calculations. For that purpose calculations were carried out using MTDATA with the NPL database for steels. 11) The results (thus obtained) in the two studied steels are summarised in Fig. 2 . It is clear from the figure that the amount of VC 0.88 is higher in steel S2. The VN and CuS are exclusively present in S2 and S1, respectively. On the counterpart, the amount of MnS and TiN in steel S1 is higher than steel S2.
The titanium and vanadium precipitates play an important role on refining the PAGS as it has been extensively reported on literature. 12) . According to Fig. 2 , at low austenitising temperatures, around 1200 K the higher amount of vanadium precipitates present in S2 steel makes the PAGS slightly smaller than in S1, but at higher temperatures, around 1500 K, PAGS can be only controlled by Ti precipitates. Thus, S1 exhibit smaller grain size than S2 steel at higher temperatures, Fig. 3 .
EDX spectrum in Fig. 4 shows that the inclusions present in the steel S1 are MnS. This figure As a second stage, inclusions of S1 steel above analysed have been studied in detail by more precise techniques such as TEM extraction replica. Madariaga et al. 13, 14) , in their investigations on acicular ferrite formation in similar steels to S1.
Also by means of the same technique it was revealed the existence of very fine titanium nitrides particles On the other hand, the particles presented in Fig. 7 (b) are vanadium rich particles that, according to MTDATA predictions in , the value of ∆G HET /∆G HOM for inclusion nucleation drastically drop upon to the value of ∆G HET /∆G HOM for grain boundary nucleation, Fig. 8 . Therefore it can be concluded that particles smaller than 40 nm in diameter, are no prone for intragranular ferrite nucleation in the temperature range studied in this work.
So far, it has been shown that the inclusions where idiomorphic ferrite is formed are MnS for S1 steel meanwhile those inclusions are aluminium rich oxide particles for S2 steel.
Role of PAGS
Since allotriomorphic ferrite nucleates at the prior austenite grain boundaries and idiomorphic ferrite nucleates at the inclusions inside the austenite grains, the balance between the number of intragranular nucleation sites and those at the austenite grain boundaries is a very important factor in the competitive process of allotriomorphic -idiomorphic ferrite formation.
It is well known that an increase in the PAGS leads to a reduction in the number of nucleation sites at the austenite grain boundaries. Therefore, an increase in the PAGS indirectly favours the intragranular nucleation of ferrite, and then the formation of idiomorphic ferrite is enhanced instead of allotriomorphic ferrite.
Likewise, as the PAGS increases, the number of inclusions trapped inside the austenite grains increases, promoting the intragranular nucleation of ferrite.
Assuming that ferrite nucleates primarily on grain boundaries, the grain boundary surface area per unit volume ( ) is a parameter which indicates the density of nucleation sites on the grain boundary.
In this sense, and as a second approximation, it could be also assumed that the austenite grains are tetrakaidecahedra. Then, S is given
where d γ is the mean austenite grain diameter.
On the other hand, the density of intragranular nucleation sites could be related to the total inclusion surface area per unit volume, , which is expressed by:
where is the inclusion surface area per unit volume for a particular inclusion, and n INC Vo S INC is the total number of inclusions inside the austenite grain.
As it was above reported, it is a sensible approach to consider that all the inclusions in S1 steel as ellipsoids with the same size, and spheres of diameter d in the case of S2. Therefore, keeping in mind the different geometries and following the mathematical development described in [18] [19] [20] , it is straight forward to conclude that
Where d γ is the austenite grain diameter and V V is the volume fraction of inclusions in the steel. Kluken and Grong 21) proposed an equation to estimate the volume fraction of inclusions by converting the analytical oxygen and sulphur concentration in the steel into an equivalent inclusion volume fraction. Thus, a value of V V =1.20×10 -3 for S1 steel and V V =0.64×10 -4 for S2 steel has been determined. 20, 22) Fig. 9 shows the ratio between the density of intragranular and grain boundary nucleation sites as PAGS increases, equations (1) and (3) . As expected, it shows how intragranular nucleation sites become more important in detriment of grain boundary nucleation as PAGS increases. Likewise, it is clear that intragranular nucleation becomes easier in S1 steel that in S2 steel.
Experimental evidence for the influence of PAGS and inclusions on intragranular ferrite formation
The To disclose the effect of inclusions on intragranular ferrite, a PAGS of 76 µm has been fixed for both S1 and S2 steels. Fig. 12 clearly shows that idiomorphic ferrite transformation is delayed in S2 steel as compared with S1 steel, which is consistent with the results presented in the previous section of this paper about the nucleation potency of the inclusions present in S2 steel as compared with S1 steel.
Conclusions
It has been demonstrated in this work that intragranular formation of ferrite could be enhanced by increasing the austenite grain size and/or optimising the nature of the inclusions. As the austenite grain size increases, the number of nucleation sites at the austenite grain boundaries decreases since the austenite surface area decreases. Therefore grain boundary nucleated ferrite decreases in detriment of idiomorphic ferrite. This effect is boosted by the fact that as austenite grain increases the number of inclusions falling inside the grain which act as potential intragranular nucleation sites increases.
The nature of inclusions is vital to promote the intragranular formation of ferrite. It has been demonstrated in this work that the ferrite nucleation potency of inclusions with a MnS core and CuS shell (steel S1) is higher than Al-rich core and vanadium carbo-nitride for intragranular formation of ferrite.
Finally, the results presented in this work could be summarised in the fact that the increase of the volume fraction of idiomorphic ferrite is always possible by increasing the volume fraction of inclusions and/or optimising the austenitisation conditions to obtain a PAGS large enough to promote intragranular nucleation in detriment of grain boundary nucleation of ferrite. This 'critical' PAGS decreases as the ferrite nucleation potency of the inclusions increases.
6.
Appendix
The global energetic balance for the transformation of austenite to ferrite is calculated in the case of heterogeneous nucleation at inclusions can be described by the following equation using classical heterogeneous nucleation theory. 24) Four different contributions have to be considered:
( )
The first term represents the decrease of the free energy due to where R is the radius of ferrite nucleus, I is the radius of the inclusion, and θ and ψ are the angles schematically represented in Fig. A1 , equation (A1) could be rewritten as, Fig. 8 (a) shows the evolution of the ratio between heterogeneous and homogeneous nucleation with the radius of the inclusion for different temperatures. In Fig. 8 for grain boundary nucleation has been considered. 24) The results are fully consistent with those reported by Ricks et al. 16) It could be concluded form this figure that the energy barrier for ferrite nucleation on inclusion decreases as the size of the inclusions increase. However, it is worth mentioning that the transformation temperature is very important. There is an inclusion size at which the barrier of energy is minimum, and no further decrease is expected even for higher inclusion sizes. It is clear from the figure that as transformation temperature increases, the size of inclusions at which the energy barrier is minimum increases.
Likewise, this graphs shows that there is no chance to make equal ∆ ∆ both the energy barrier for nucleation in grain boundaries and inclusions.
Lets come back to equation (A1), and assuming that the presence of the inclusion does not cause local changes in the composition of the matrix 16) , both the term corresponding to the bulk transformation and that associated with the austenite ferrite interface are independent of the nature of the inclusion. However, the last two terms are clearly influenced by the type of particle where ferrite nucleates, and by the misfit across the interface with both ferrite and austenite phases. The size of the particle is important because for small particles the energetic barrier of nucleation is increased and thus a minimum particle size is required. 17) However, the external layer is expected to be the most significant since it determines the interfacial energies between the particle and both the austenite and the ferrite.
Consequently, as far as the particles are covered by a shell which reduce the misfit across the interface, their activity as nucleation sites depends only on their size. This increases significantly the probability of a nucleation event taking place, and compensating for the lower density of large second-phase particles present in the steel. In this sense, equation (A3) could be rewritten as: 
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TABLES Table 1 . Chemical composition (mass %).
Steel C Si Mn
Al Ti V Cu S O N S1 0.37 0.56 1.45 0.024 0.015 0.11 0.27 0.043 0.004 0.014 S2 0.33 0.29 1.49 0.027 0.003 0.24 0.14 0.016 0.003 0.015 
